Abstract Aims/hypothesis: Adiponectin is upregulated during adipogenesis and downregulated in insulin-resistant states. The mechanism(s) governing the re-arrangements from adipogenesis to facilitated lipolysis during pregnancy are unknown. Our purpose was to analyse the role of adiponectin relative to the metabolic changes in human pregnancy. Subjects, materials and methods: Lean women (BMI <25 kg/m²) were evaluated longitudinally before conception, and in early (12-14 weeks) and late (34-36 weeks) pregnancy. Insulin sensitivity was measured using the glucose clamp technique. Venous blood and subcutaneous adipose tissue biopsies were obtained at each time point. Results: Adiponectin concentrations were lower in the third trimester than in the pregravid condition (9.9±1.4 vs 13.5±1.8 μg/ml). The hypoadiponectinaemia was reflected by a 2.5-fold decrease in white adipose tissue adiponectin mRNA. These changes were associated with a 25% increase in fat mass (23.7±2.9 vs 18.9±2.9 kg). Insulin infusion decreased high molecular weight adiponectin complexes in pregravid women (9.9±0.6 vs 6.2±0.06) and the suppressive effect of insulin was lost during pregnancy. The pregnancy-mediated changes in adiponectin were strongly correlated with basal insulin levels and insulin sensitivity (p<0.0001). The relationship between adiponectin and insulin sensitivity was related to the decreased insulin regulation of glucose utilisation (r=0.55, p<0.001) but not of endogenous hepatic glucose production. Conclusions/interpretation: These data demonstrate that pregnancy is associated with adiponectin changes in lean women. Hypoadiponectinaemia is reflected by a lower amount of high molecular weight adiponectin and by the ratio of high to low molecular weight multimers. The adiponectin changes relate to decreased insulin sensitivity of glucose disposal rather than alterations of lipid metabolism.
Introduction
To meet the energy requirements of fetal development during pregnancy dynamic re-arrangements of adipose tissue, associated with an initial period of adipogenesis followed by increased lipolytic activity, are required [1, 2] . In humans, these changes are facilitated by decreased insulin sensitivity, primarily at the peripheral level and secondarily at the hepatic level, occurring in late pregnancy [3] . The blunted effect of insulin on skeletal muscle and white adipose tissue allows decreased glucose utilisation by maternal peripheral tissues and increased availability to the feto-placental unit [4] . The molecular mechanism(s) governing the integrated alterations of lipid metabolism from adipogenesis to facilitated lipolysis are unknown.
Recent studies suggest that the regulation of the lipid stores is tightly regulated by adipocyte-specific proteins, referred to as adipocytokines or adipokines, that interfere with insulin action. Among these, the current view is that TNF-α, interleukin-6 and resistin negatively regulate insulin action, in contrast to the insulin-sensitising action of leptin and adiponectin [5] . Adiponectin is the most abundant adipocyte-derived product identified to date, with circulating concentrations in the nanomolar range [6] . Adipocytes secrete adiponectin as multimeric complexes with a high molecular weight oligomer (HMW) and a low molecular weight hexamer (LMW), which account for the majority of systemic circulating adiponectin [7] . Unlike for other adipokines, plasma adiponectin concentrations are inversely correlated with adiposity in humans [8, 9] . In addition, total adiponectin is positively correlated with insulin sensitivity in human and rodents [10, 11] . In obesity and diabetes, low plasma adiponectin concentrations are related to the degree of hyperinsulinaemia and the severity of insulin resistance [11] [12] [13] . Adiponectin and HMW adiponectin levels are negatively correlated with serum triglycerides and positively with HDL particles [14, 15] . The mechanisms mediating adiponectin-lipid interactions remain unknown but it is suggested that HMW adiponectin plays a prominent role in the metabolic changes [15, 16] . As a putative signal generated by white adipose tissue and modulating insulin sensitivity in relation to lipid metabolism, adiponectin emerged as an interesting candidate for controlling homeostasis of the lipid metabolism during pregnancy. To better understand the role of adiponectin in human pregnancy metabolism, we performed a longitudinal study of adiponectin gene and protein expression in relation to measures of the insulin sensitivity of glucose and lipid metabolism in women with normal glucose tolerance. We show that the absolute amount of HMW as well as the ratio of HMW to LMW adiponectin multimers is decreased during pregnancy, as reflected by systemic hypoadiponectinaemia.
Subjects, materials and methods

Clinical study protocol
The study was conducted in the General Clinical Research Center (GCRC) at MetroHealth Medical Center, Case Western Reserve University. The study protocol was approved by the Hospital Institutional Review Board and by the Scientific Review Committee of the GCRC. Written informed consent was obtained from each subject before evaluation. Ten healthy women were recruited before a planned pregnancy to participate in this study. None of the subjects was using hormonal contraception, tobacco, or other medications that might affect carbohydrate metabolism or energy expenditure. None of the study subjects had diabetes mellitus before conception based on the results of a 100-g oral glucose tolerance test [17] . All patients were screened for gestational diabetes mellitus (GDM) between 20 and 24 weeks pregnancy with a 1-h 50-g glucose test. If positive, GDM was ruled out with a 100-g OGTT. All subjects were normotensive throughout pregnancy and none developed medical or obstetrical complications. All subjects were planning to conceive as soon as the baseline pregravid studies were completed. Each subject was evaluated before conception (P), in early gestation (E; 12-14 weeks) and again in late gestation (L; 34-36 weeks). Pregravid subjects were evaluated in the follicular phase of the menstrual cycle. Each subject was instructed in a standard dietary regimen 2 weeks before each study period by the GCRC nutritionist to maintain weight before conception.
Anthropometric measurements
Percentage of body fat was calculated according to the equations of Keys and Brozek [18] to estimate fat-free mass at times P and E. At time L, body fat was calculated according to the equations of Catalano et al. [1] , adjusting the decreased density of fat-free mass because of the increased total body water in late pregnancy. In addition, skinfold thickness measurements were obtained at seven sites: triceps, biceps, subscapular, subcostal, suprailiac, mid-and lower thigh, with a Harpenden skinfold calliper (British Indicators, Sussex, UK). All measurements were obtained on the left side by one examiner (P. M. Catalano).
Hyperinsulinaemic-euglycaemic clamp and analytical procedures
Insulin sensitivity in skeletal muscle, liver and fat was determined by insulin-mediated whole-body glucose disposal, suppression of hepatic glucose output evaluated during a hyperinsulinaemic-euglycaemic clamp, and suppression of NEFA concentrations and rate of lipid oxidation by indirect calorimetry. Basal endogenous glucose production (primarily hepatic) was estimated after an 11-h overnight fast using a primed constant infusion of [6, H 2 ]glucose. Basal glucose turnover was estimated according to the steady-state equations of Steele [19] . Insulin sensitivity was estimated as the glucose infusion rate required to maintain euglycaemia during the clamp plus any residual endogenous glucose production during insulin infusion. The 2-h hyperinsulinaemic-euglycaemic clamp was performed after estimating basal endogenous glucose production [20] to estimate peripheral insulin sensitivity. Insulin was infused at 25 mU·m
·min −1 to achieve plasma insulin concentrations of approximately 483 pmol/l. During the last 40 min of insulin infusion, blood samples were obtained at 5-min intervals to measure plasma glucose, insulin and adiponectin. The amount of glucose infused was calculated for each 10-min period and averaged for the last 40 min of the 2-h glucose infusion. This value was used to estimate the glucose disposal as glucose uptake in peripheral tissues under steady-state conditions.
Residual endogenous glucose production during insulin infusion was estimated by maintaining the constant infusion of labelled glucose and by adding additional isotope to the 20% glucose infusion as described [21] . Plasma enrichment was determined with a gas chromatograph mass spectrometer (model 5985B; Hewlett-Packard, Palo Alto, CA, USA). The insulin sensitivity index was calculated by dividing the glucose infusion rate by the mean insulin concentration achieved during the clamp.
Metabolic rate and route of glucose disposal
The metabolic rate and route of glucose disposal were estimated by indirect calorimetry at steady-state (during the last 40 min of both the basal endogenous glucose production and the 2-h hyperinsulinaemic-euglycaemic clamp). A ventilated hood system was used for the continuous collection and mixing of expired air as previously described. The total volume of expired air was corrected for standard temperature and pressure conditions. The electrical outputs were interfaced with a desktop computer and integrated measurements of oxygen consumption (VO 2 , measured in ml/min) and carbon dioxide production (ml/min) were made; the respiratory quotient (RQ) was averaged and recorded every 5 min. All the studies were conducted at the same time of day during each period of study. All subjects remained for at least 2 h in a semi-recumbent position on their left side (so as not to impair venous return in late gestation) before the indirect calorimetry measurements.
The quantity of urinary urea nitrogen excreted during the study was used as an index of protein oxidation, assuming that 1 g of nitrogen is equivalent to 6.25 g of protein, and to calculate non-protein RQ. Oxidation rates of carbohydrate and lipid were then calculated according to the tables of Frayn [22] . The non-oxidative route of glucose disposal (i.e. glucose stored as glycogen, conversion to three-carbon fragments and lipogenesis) was determined in the basal state as the difference between total basal glucose turnover and rate of glucose oxidation as estimated from indirect calorimetry. Non-oxidative glucose disposal during the clamp was estimated as the difference between total glucose disposal during the euglycaemic clamp studies and rate of glucose oxidation as estimated from indirect calorimetry. RQ >1.0 was assumed to represent lipogenesis. The 2 H-enrichment of glucose was measured as previously described [21] .
Analytical procedures
Plasma samples were frozen immediately after separation and stored at −20°C. Blood glucose was determined by the glucose oxidase method. Plasma insulin was measured by RIA (Linco, St Charles, MO, USA), NEFA concentrations were determined with an enzymatic method (WAKO, Richmond, VA, USA) and total plasma adiponectin concentrations were measured by ELISA (Linco).
White adipose tissue biopsies
Subcutaneous white adipose tissue was obtained from the lateral gluteal region using an open-ended liposuction biopsy needle catheter. Biopsies were obtained in the GCRC after an overnight fast. Part of the gluteal region was prepared with betadine and alcohol, and sterile drapes were placed. Approximately 6 ml of 2% lidocaine was injected into the subject's skin with a 25-gauge needle. After 10 min the skin was nicked with a #11 blade to insert the biopsy needle. Suction was then applied using a 60-cm 3 syringe and tygon tubing to ensure that the adipose tissue was drawn into the hollow of the needle. The sleeve was then rotated and the procedure repeated two or three more times. Approximately 3-5 g of adipose tissue was obtained.
SDS-PAGE and immunoblotting
SDS-PAGE was performed according to the standard Laemmli procedure [23] . Equal volumes of plasma samples (1 μl) were solubilised in 5×Laemmli buffer and directly loaded on a 8-16% Tris-glycine polyacrylamide gel for separation of adiponectin complexes under nondenaturing conditions. Alternatively, samples were heated at 100°C for 5 min in the presence of 100 mmol/l dithiothreitol for complete reduction. Proteins separated by SDS-PAGE were transferred onto a nitrocellulose membrane (Hybond ECL; Amersham Biosciences, Piscataway, NJ, USA). The blot was stained with 0.1% Ponceau solution to confirm transfer. After blocking for 1 h in 5% milk solution (Blotto; Santa Cruz Biotechnology, Santa Cruz, CA, USA) the blots were incubated with antiadiponectin antibody, final concentration 3 μg/ml (Chemicon, Temecula, CA, USA), in 2% milk solution overnight, then incubated with horseradish peroxidase-conjugated anti-rabbit antibody (Chemicon) 1:5,000 in 2% milk for 1 h. After thorough washing, immunoreactive signals were visualised with ECL Western blotting detection reagent (Amersham Biosciences) and quantified by densitometry (GS-670; Bio-Rad, Hercules, CA, USA).
Real-time PCR
RNA was purified from white adipose tissue (approximately 300 mg) using Trizol with the following alterations to the manufacturer's recommendations: 4 ml Trizol per 250 mg tissue was used, and following homogenisation all procedures were performed on ice. The cDNA was synthesised using Superscript II RNase H Reverse Transcriptase Kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Adiponectin, and actin gene expression were measured by real-time PCR using a LightCycler FastStart DNA Master SYBR Green I kit (Roche, Indianapolis, IN, USA). All PCR mixtures contained 2 mmol/l MgCl 2 and all primers were used at a final concentration of 0.2 μmol/l each. Absolute copy numbers were calculated from a genomic DNA standard curve created from a series of tenfold dilutions. Results were normalised for actin expression.
Statistical analysis
The data are expressed as mean±standard error (SD). Statistical analyses were performed using t-tests with analysis of variance with repeated measures for two groups to determine changes over time. Linear and non-linear regression analyses were used to assess the correlation between independent variables. Statistical analysis was performed with the Statview II (SAS Institute Version 5, Cary, NC, USA) statistical package. Values of p≤0.05 were considered significant.
Results
Longitudinal changes of adiponectin in normal pregnancy
To determine the basis for adiponectin regulation during pregnancy, we performed longitudinal measurements in individual subjects before and at two time-points during pregnancy. Metabolic and anthropometric characteristics of the subjects are given in Table 1 . The physiological adaptations of maternal metabolism to pregnancy included a progressive increase in total fat mass with a significant increase of 4.8 kg by the third trimester. The decrease of fasting glucose was concomitant with an increase in fasting plasma insulin. These changes were indicative of loss of insulin sensitivity in late pregnancy, as shown by the decrease in the insulin sensitivity index (Table 2) .
Total plasma adiponectin was decreased in late pregnancy compared with pregravid measurements (9.9±1.4 vs 13.5±1.8 μg/ml, p<0.004). This was associated with a 2.5-fold reduction of adiponectin mRNA levels in white adipose tissue (Fig. 1) . Both plasma adiponectin concentrations and mRNA levels were negatively correlated with fat mass (r=−0.50, p=0.005). The absolute amount of adiponectin multimers was quantified by non-denaturing gradient gel electrophoresis, which allows adequate separation of HMW and LMW complexes [16, 24] . The primary forms of circulating adiponectin were a HMW oligomer of approximately 340 kDa, corresponding to a multimeric assembly of 12-16 molecules, and a LMW hexamer of approximately 160-180 kDa (Fig. 2a) . Under reducing conditions the multimeric circulating forms could be converted to a 30-kDa monomer (Fig. 2a) . The absolute amount of both HMW and LMW adiponectin multimers decreased with advancing pregnancy, but only the change in HMW was significant (p<0.05) in late pregnancy compared with pregravid (Fig. 2b) . The change in the complex distribution from pregravid to late pregnancy was also significant when expressed as the HMW:LMV ratio (10.1±0.4 vs 6.1±0.3, p<0.01) or as the HMW/(HMW+LMW) adiponectin index (15.3±0.03 vs 7.2±0.02, p<0.03).
Adiponectin and insulin effect
The effect of insulin on adiponectin regulation was evaluated during a pancreatic clamp with a 2-h insulin infusion increasing insulin plasma levels by approximately five-to sixfold over fasting levels (average at steady state: 485±34 pmol/l). Insulin infusion decreased total adiponectin (13.5±1.8 vs 10.0±1.2 μU/ml, p<0.01) as well as the percentage of HMW:LMW complexes (9.9±0.6 vs 6.2±0.06, p<0.05) in pregravid individuals (Fig. 3) . The suppressive effect of insulin on adiponectin was not observed in early or late pregnancy, indicating that insulin action differs in the pregnant and non-pregnant states. There was a strong negative correlation between fasting insulin and adiponectin concentration throughout pregnancy (r=−0.66, p<0.0001) and the correlation remained significant (r=−0.70, p<0.0001) when the data for late pregnancy were excluded from the analysis (Fig. 4) .
To further investigate the relationship between impairment of insulin action and adiponectin regulation, we correlated specific measures of insulin sensitivity performed under insulin-stimulated conditions with plasma adiponectin concentrations in pregravid and pregnant subjects. A significant correlation (r=0.55, p=0.001) was observed between the rate of glucose disposal R d , taken as an index of insulin sensitivity, and plasma adiponectin (Fig.  5a ). The correlation was lost (r=0.41, p=0.08) when the data taken during late pregnancy were omitted from the analysis (Fig. 5b) , suggesting that the changes in peripheral insulin action are instrumental in the downregulation of adiponectin.
Adiponectin and energy metabolism
Insulin was less potent in the suppression of endogenous glucose production in late pregnancy compared with both early pregnancy and the pregravid condition (Table 2) . Changes in adiponectin concentration were not related to endogenous glucose production either under basal conditions (r=0.13, 0.11 and 0.30) or insulin-stimulated conditions (r=−0.12, −0.04, −0.03) at pregravid, early and late times, respectively. Based on controversial reports debating whether the regulation of lipid oxidation in muscle is a primary target of adiponectin action, we next examined the relationship between fat oxidation and adiponectin levels. The insulin-resistant state of lipid metabolism in late pregnancy was clearly reflected by the attenuated ability of insulin to inhibit fat oxidation (Table 3) . However, the changes in lipid oxidation under insulin-stimulated conditions were not correlated with the changes in plasma adiponectin whether they were examined in the pregravid period, or in early or late pregnancy (r=0.20, p=0.60; r=−0.19, p=0.60; r=−0.37, p=0.66). The significant increase in circulating NEFA under insulin-stimulated conditions indicated that insulin was less efficient at suppressing NEFA release from white adipose tissue in late pregnancy compared with pregravid women, hence facilitating lipolysis (Table 3) . When analysed throughout pregnancy, the insulin-induced changes in NEFA were independent of adiponectin concentrations (p=0.54, 0.61, 052).
Discussion
Pregnancy is a situation of hypoadiponectinaemia
Previous studies have shown that hypoadiponectinaemia is a hallmark of situations where insulin resistance occurs, including obesity, type 2 diabetes and gestational diabetes [12, [24] [25] [26] . Our longitudinal analysis in women from the pregravid state to the third trimester indicates that pregnancy in humans is a physiological situation in which circulating adiponectin is decreased, as is found in mice [11, 27] . The 25% increase in fat mass from pregravid state to late pregnancy, together with the negative correlation between circulating adiponectin concentrations and fat mass, suggests that adipose tissue accretion is associated with signals for lowering adiponectin production or secretion even in the absence of obesity. Other situations of hypoadiponectinaemia, such as lipodystrophy and liver disease, support the view that a re-distribution of adipose tissue is critical in lowering adiponectin levels [28, 29] . This may also be relevant in pregnancy when fat accretion takes place predominantly in the central compartment [30] . In addition to absolute changes in fat mass, there is also a negative relationship between adiponectin and intracellular lipid content in muscle and liver [31] . However, this relationship may reflect insulin resistance as well as increased lipid content per se because intracellular accumulation of lipids in non-adipose tissues is a process aimed at buffering excess circulating NEFA. In late pregnancy, this may be supported by the decreased ability of insulin to suppress lipolysis compared with early pregnancy (Table 3) .
Regulation of adiponectin expression
The parallel changes in total plasma adiponectin and adipose tissue adiponectin gene expression argue in favour of plasma adiponectin levels reflecting pregnancy-associated adiponectin production. Whether the regulation is at the transcriptional or translational level or at the level of secretion into the systemic circulation is not known. Very few data are available concerning the transcriptional regulation of the adiponectin gene. A c/EBP-α consensus binding site has been found in the first intron of the gene but functional significance for regulation is not yet established [32] . Glucocorticoids, TNF-α or IL-6 are putative negative regulatory factors of the adiponectin gene whereas insulin-mediated regulation has not been documented [33, 34] . This may be surprising in view of the observation that insulin is able to suppress the concentra- Results are means±SD of ten subjects studied longitudinally before and during pregnancy. Differences statistically significant compared to non-pregnant with p<0.001 ISI Insulin sensitivity index, HGP hepatic glucose production a Pregnant vs pregravid tion of plasma adiponectin. Total adiponectin, as well as HMW multimers, decrease in response to insulin infusion [6, 35, 36] , but this may be regulated at the level of secretion rather than transcription [37] . Adiponectin is secreted as HMW and LMW multimeric complexes, and the amount of circulating complexes is likely to be regulated at the tissue level because LMW and HMW complexes do not interchange in the serum [38] . This process is supported by our findings that the lowering in total adiponectin in late pregnancy is reflected primarily at the level of HMW complexes (Fig. 2) , although HMW represents <15% of total circulating adiponectin. This supports previous reports suggesting that HMW adiponectin is the active form of the protein [7, 16, 38] . Different adiponectin oligomers activate different transduction pathways and, this may account for regulating the bioactivity of adiponectin in relation to insulin action [39] . The loss of insulin effect on adiponectin expression during pregnancy compared with the non-gravid state indicates an impairment with insulin action in white adipose tissue, the main site of adiponectin production. This may result from increased levels of insulin antagonists because there is no apparent intrinsic defect of insulin receptor activity in adipocytes from pregnant women [40] .
Functional significance of hypoadiponectinaemia
Adiponectin is the only adipocyte-derived hormone to be down-regulated in insulin-resistant states. It has been extensively debated whether impaired insulin action is the cause or consequence of adiponectinaemia. Our observa- ) in longitudinal studies of women who were pre-gravid (P), in early (E) and late (P) pregnancy. a Total adiponectin. Open bars, basal; filled bars, insulin. b Adiponectin complex distribution quantified by SDS-PAGE of 1 μl serum samples (as shown in Fig. 2 ) and expressed as percent oligomeric HMW components/hexameric LMW components. Open bars, basal; shaded bars, insulin. *p<0.05 insulin vs basal tion that adiponectin is correlated with glucose disposal in late pregnancy is in agreement with studies suggesting that adiponectin is implicated in the regulation of muscle glucose utilisation, whether it is mediated through decreased glucose uptake, AMP protein kinase phosphorylation or insulin signalling [41] . Our results suggest that systemic adiponectin specifically predicts the insulin sensitivity of glucose but not lipid during pregnancy.
Correlative studies have suggested functional interactions between circulating NEFA and adiponectin but it is not yet clarified whether NEFA regulate adiponectin or adiponectin regulates NEFA availability [42] . In our study of lipid metabolism, plasma adiponectin concentrations were independent of NEFA concentrations under conditions of hyperinsulinaemia in the range of postprandial values, suggesting that adiponectin does not play a major role in the regulation of lipolysis. The rate of lipid oxidation was independent of adiponectin concentration under basal and insulin-stimulated conditions, although the ability of insulin to suppress fat oxidation in late pregnancy was clearly impaired (Table 3) . A similar situation has been observed in obese individuals [43] and contrasts with in vitro data showing that adiponectin stimulates lipid oxidation through activation of AMP protein kinase [44] . One potential mechanism for the lack of regulation of fat oxidation in vivo may be increased production of adipocytokines [45] . During pregnancy, this could also be contributed to by the low-grade inflammatory situation originating in white adipose tissue and placenta through increased production of various cytokines including IL-6 and TNF-α [46, 47] . In addition, TNF-α is the best predictor of peripheral insulin resistance during pregnancy and, at the same time, is able to reduce adiponectin expression and secretion [45, 48] . Taking all of this into account, we view the pregnancy-mediated increase in TNF-α as an important functional link between hypoadiponectinaemia and insulin resistance. In the present study, the relationship between adiponectin and insulin sensitivity exclusively reflected changes of peripheral glucose fluxes in late pregnancy. This contrasts with studies reporting an association between basal and insulin-stimulated hepatic glucose production and adiponectin in situations of severe insulin resistance and may represent a feature that is specific to pregnancy [28, 29, 49] .
In conclusion, human pregnancy is a condition of hypoadiponectinaemia reflected at the level of the distribution of HMW adiponectin complexes. Assessing pregnancy as a model of insulin resistance with significant changes in fat mass but without obesity, our data emphasise the stronger involvement of adiponectin with regulation of glucose metabolism than with excess fat deposition. The pregnancy-mediated adiponectin changes are related to impairment of peripheral insulin sensitivity of glucose but not lipid metabolism. We propose that these changes are 
